their environment.
INTRODUCTION
The prevailing view for the past 40 years has been that globular proteins are stabilized mainly by the hydrophobic effect through the burial of nonpolar side chains (1) (2) (3) . We recently suggested that polar group burial makes a larger contribution to the stability of globular proteins than nonpolar group burial (4) . This idea is supported by most experimental studies (5-11), but not by most theoretical studies (12) (13) (14) . The experimental results described here will provide a good test for future theoretical studies.
Our previous studies of hydrogen bonding used mutants such as Tyr ⇒ Phe in which a hydrogen-bonded group is removed and a cavity may be left in the mutant protein (15) . A different approach is to use Thr ⇒ Val and Val ⇒ Thr mutations in which the -OH group of a Thr or the -CH 3 group of a Val are interchanged. These mutations are less likely to leave a cavity and should give a more direct comparison of the relative contribution of polar and nonpolar group burial. The effect of these mutations on stability has been studied previously with staph nuclease (16) , human lysozyme (17) , T4 lysozyme (18, 19) , barnase (20) , chymotrypsin inhibitor 2 (CI2) (21), FK506-binding protein (22) , Gene 5 protein (23) , and ubiquitin (24) .
RNase Sa has proven to be an excellent protein for probing the relationship between protein structure and stability. We have previously compared the stability of RNase Sa and two close relatives, RNase Sa2 and RNase Sa3 and determined the pH and salt dependence of their stability (25) . We have shown that a conserved Asn residue (26) and the Tyr -OH groups (15) make large contributions to the stability of RNase Sa. We have studied the contribution of charge-charge interactions to the stability of RNase Sa (27) . RNase Sa is an acidic protein with a pI = 3.5. We have prepared a basic variant with a pI = 10.2 and compared the properties of the two proteins (28) and measured their pK values (29, 30) . A 1.2Å crystal structure (1RGG) (31) and 20 solution structures (1C54) (32) of RNase Sa are available in the protein data bank.
In this paper we report studies of eight Thr ⇒ Val mutants of RNase Sa: four in which the Thr side chains are hydrogen bonded and four in which they are not. In addition, we report studies of four Val ⇒ Thr mutants of RNase Sa. The crystal structures of the four Val ⇒ Thr mutants were determined to assess whether the newly introduced -OH group formed a hydrogen bond. The location of the residues studied in RNase Sa is shown in Figure 1 . By considering our results and those reported by other groups, we are able to gain further insight into the relative contributions of hydrogen bonding and the hydrophobic effect to protein stability.
EXPERIMENTAL PROCEDURES
Proteins-RNase Sa and mutants thereof were prepared, expressed, and purified as previously described (15, 33) . The protein solutions were buffered at pH 7.0 with 30 mM MOPS buffer.
Thermal denaturation-Thermal denaturation curves for the RNases Sa variants were determined by measuring the change in circular dichroism at 234 nm on ≈ 0.1 mg/ml solutions in 1 cm cuvettes on an Aviv 62DS Circular Dichroism Spectrophotometer (25) . The temperature was increased from 5 to 80°C in 1 deg. C increments (equilibration time 1.5 minutes, band width = 1 nm, and time constant = ten seconds). A non-linear least squares analysis was used to fit the thermal denaturation data to the equation (34) :
where y is the observed circular dichroism, y f + m f (T) and y u + m u (T)
describe the linear dependence of the pre-and post-transitional baselines on temperature, ∆H m is the enthalpy of unfolding at T m , and T m is the midpoint of the thermal unfolding curve. Curve fitting was performed using
MicroCal Origin software (MicroCal Software, Inc., Northampton, MA).
The reversibility of thermal denaturation was checked by reheating the samples and was greater than 95% as judged by comparison of the ∆H m values for the two scans.
Crystallization, data collection, and refinement-Crystals of RNase Sa mutants V2T, V36T, V43T, and V57T were grown by the hanging drop vapor diffusion method at room temperature. Protein solutions were prepared by dissolving the lyophilized enzymes in 0.2 M sodium phosphate buffer, pH 7.0 (V2T, V36T, and V43T) or 0.1 M Tris buffer, pH 8.4 (V57T)
at concentrations of 20 mg/ml (V36T and V43T) or 10 mg/ml (V2T and V57T Bank (38) . PDB accession codes for the structures are 1UCI for V2T, 1UCJ
for V36T, 1UCK for V43T, and 1UCL for V57T. A summary of the refinement statistics is given in Table 1 .
RESULTS
Thermal Denaturation-The thermal denaturation of RNase Sa and all of the single mutants studied to date is reversible and closely approaches a twostate folding mechanism (15, 26, 28) . Thermal denaturation curves were determined and analyzed as described above and the results are presented in Table 3 shows the side chain conformation around the Cα -Cβ bond (χ1) of the Val residues in wild-type RNase Sa and the Thr residues in the four Val ⇒ Thr mutants. The side chain conformation of the Thr residues in the mutants is similar to those of the Val residues in wild-type RNase Sa except for Val 2 ⇒ Thr. For V2T, the side chain rotates to increase the exposure of the -OH group to solvent (see Table 5 , below). Similar changes are observed in Molecules A and B. 
DISCUSSION
Thr ⇒ Val Mutants-The changes that may be important to stability for Thr ⇒ Val mutations are summarized in Table 4 . Because a Val side chain is larger than a Thr side chain, there might be a decrease in stability due to unfavorable steric interactions. On the other hand, both hydrophobicity and side chain conformational entropy will favor the Val side chain. The other factor that must be kept in mind is what happens to the hydrogen bonding partner(s) of the Thr in the mutant protein. If the partner is unpaired in the mutant, it will decrease the stability because the partner will hydrogen bond to water in the unfolded protein. In mutants such as Tyr ⇒ Phe, where a cavity is created, it is more likely that the hydrogen bonding partners will be able to hydrogen bond to a water molecule than in Thr ⇒ Val mutants where there will generally not be a cavity. We will compare results for these two types of mutations below. Parameters characterizing the environment of the Thr residues in RNase Sa are summarized in Table 5 .
We will first consider the four Thr residues that are not hydrogen will be favored over Thr residues by 2.5 kcal/mol. This is 0.5 kcal/mol per mole higher than our estimate of 2.0 kcal/mol.) However, only one of the mutants is observed to be 0.3 kcal/mol more stable than wild-type RNase Sa (Tables 2 and 6 ). Note that three of the -OH groups are hydrogen bonded to water in the folded protein, and the fourth is 49% exposed to solvent so it will be also. In the unfolded protein, these same -OH groups will be hydrogen bonded to water. This suggests that the interactions of the -OH groups with the protein relative to their interactions with water are more favorable than for -CH 3 groups. These interactions would be mainly dipoledipole interactions other than hydrogen bonds and dipole-induced dipole interactions. In this case, we are placing a -CH 3 group in a site designed for an -OH group and the packing will probably not be as favorable for the -CH 3 group. In summary, these results suggest that a polar -OH group may make a larger contribution to the stability of a protein than a nonpolar -CH 3 group even when the -OH group is not hydrogen bonded. We showed previously that the buried -OH groups of Tyr residues can make a favorable contribution to protein stability even when they are not hydrogen bonded in the folded protein (15) .
For all four of the Thr residues that are hydrogen bonded, the mutants are less stable than wild-type RNase Sa by an average of 1.3 ± 0.9 kcal/mol (Tables 2 and 6 ). The decreases in stability appear to reflect the hydrogen bonding properties of the Thr residues being replaced. The most destabilized is Thr 56 which forms three charge-neutral hydrogen bonds, next is Thr 82 which forms one charge-neutral and two neutral-neutral hydrogen bonds, next is Thr 18 which forms two neutral-neutral hydrogen bonds, and last is Thr 67 which forms a single intramolecular hydrogen bond and is not significantly less stable than wild-type RNase Sa (Table 5 ). Note also that the decrease in stability is greatest for the two Thr residues with completely buried -OH groups that are the most tightly packed ( Table 5 ). The much larger decreases in stability observed when the Thr -OH groups are hydrogen bonded compared to when they are not hydrogen bonded suggests that hydrogen bonds make a favorable contribution to protein stability.
In Table 6 Again, the results in Table 6 show that Thr residues make a greater contribution to stability when they are hydrogen bonded than when they are not, and that even when the -OH group of the Thr is not hydrogen bonded, it can make a contribution to the stability comparable to that of a -CH 3 group.
Val ⇒ Thr Mutants-Parameters characterizing the environment of the Val residues in wild-type RNase Sa and of the Thr residues in the mutant proteins are summarized in Table 7 . All of the Val ⇒ Thr mutants are less stable than wild-type RNase Sa by an average of 1.8 ± 1.1 kcal/mol (Tables   2 and 8 ). The -OH groups of the Thr residues are generally more exposed to solvent than the -CH 3 group of the Val that it replaces (Table 7) . This shows that the -CH 3 group prefers the environment provided by the protein, but the -OH group prefers the environment provided by water. This will minimize the penalty for burying an -OH group at a site in the protein designed for a This result will also provide a good test of the computational methods used to estimate stability changes on the basis of theory.
In Table 8 group is replaced by an -OH group, the average decrease in stability is 1.8 ±
kcal/mol and it is unfavorable in 40/41 mutants. The expected decrease
in stability based on the changes in hydrophobic bonding and side chain conformational entropy is 2.0 kcal/mol (Table 4 ). This shows that replacing a -CH 3 group with an -OH group at a site designed for a -CH 3 group is almost always unfavorable and it is modeled quite well by the predicted changes in conformational entropy and the hydrophobicity.
The average decrease in stability is 2.5 kcal/mol when the Val side chain is > 95% buried, but only 0.9 kcal/mol when it is < 95% buried (Table   8 ). This suggests that introducing a polar -OH group in the hydrophobic core is considerably more unfavorable than introducing it near the surface.
In contrast, when the Thr ⇒ Val mutants are considered in reverse, as
Val ⇒ Thr substitutions, there is an average increase in stability, and it is greater when the side chain is > 95% buried than when it is < 95% buried.
Again, this shows the importance of whether the site was originally designed for an -OH group or a -CH 3 group.
Crystal structures have been determined for 12 Val ⇒ Thr mutants. In 8, the newly introduced -OH group forms an intramolecular hydrogen bond and in 4 it does not. The average decrease in stability is 2.0 kcal/mol for the mutants in which the Thr -OH group forms a hydrogen bond, but only 0.7 kcal/mol for those in which it does not (Table 8 ). This is a surprising result.
If the theoreticians can understand these results, they may be able to improve the force fields so that they can predict protein structures. Burying nonpolar groups almost always stabilizes the folded conformations of proteins.
Burying polar groups only stabilizes folded proteins when the site was selected by evolution for a polar group. This suggests that favorable van der Waals interactions and longer-range electrostatic interactions may be just as important as hydrogen bonds in stabilizing buried polar groups.
Concluding Remarks-In a previous study of Ala ⇒ Ser and Val ⇒ Thr mutants of T4 lysozyme, it was concluded (18) : "The results are consistent with the view that many hydrogen bonds within proteins contribute only marginally to stability but that noncharged polar groups that lack a hydrogen-bonding partner are very destabilizing (∆(∆G) > 3 kcal/mol)." We think this view was reached only because -OH groups were introduced at sites not selected by evolution for -OH groups. If you also consider mutants where a hydrogen bonding group is removed, Tyr ⇒ Phe, or replaced by a -CH 3 group, Thr ⇒ Val, from a site designed for an -OH group you reach a different conclusion (Table 9 ). Most hydrogen bonds make a substantial contribution to stability (≈ 1 kcal/mol per hydrogen bond) and polar groups at favorable sites can make a favorable contribution to stability even if they are not hydrogen bonded ( Table 9 ). The theoretical studies that reach different conclusions need to be reexamined. We have emphasized previously the importance of van der Waals interactions in the tightly packed interior of a protein to the contribution of polar group burial to stability (4).
Recently, several groups have pointed out that the enhanced van der Waals interactions resulting from the tight packing of groups in the interior of folded proteins is also of crucial importance to the hydrophobic effect (24, 40, 41) . value indicates a decrease in stability. The error is ± 0.2 kcal mol -1 . Water Water a Molecule B in the crystal structure 1RGG determined by Sevcik et al. (31) was used for these calculations. b Accessibility (% buried), and hydrogen bonding (distance between the electronegative atoms and hydrogen bonding partners) were analyzed with the program pfis (26) . c The number of interatomic contacts is the number of atoms that meet the criteria: distance between atoms A and B < vdW radius of A + vdW radius of B + 1Å. They were determined using the program WHATIF (Vriend (48)). (10) a Molecule B in the RNase Sa structure 1RGG (31) was used to analyze the Val residues in the wild-type protein, and the Thr residues in the Val ⇒ Thr mutants described in Table 1 .
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b The accessibility (% buried) and the hydrogen bonding (distance between the electronegative atoms and hydrogen bonding partners were analyzed with the program pfis (26) . The hydrogen bonds are those of the -OH group of the Thr side chain in the mutant.
c The number of interatomic contacts is the number of atoms that meet the criteria: distance between atoms A and B < vdW radius of A + vdW radius of B + 1Å. They were determined using the program WHATIF (48). Table 6 30 by guest on November 15, 2017 
